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ABSTRACT  
Precast Concrete Sandwich Panels (PCSP) are proposed as an enclosure of modern net-zero energy buildings as they 
provide high thermal insulation and efficient protection against moisture ingress. A new PCSP system has recently 
been developed that consists of two layers of insulation – a 51 mm Polystyrene foam panel and a grooved 25.4 mm 
Polystyrene board – sandwiched between two reinforced concrete layers tied together by novel Z-Shape Steel Plate 
Connectors (ZSPC). Some of these panels are enclosed at the top and bottom with concrete beams, commonly 
known as end-beams. The out-of-plane behaviour of PCSP is typically described as: fully composite, partially-
composite, or non-composite; depending on the shear strength and stiffness of the interlayer connectors. To 
investigate the effect of ZSPC and end-beams on the out-of-plane flexural behaviour of the PCSP, six full-size 
panels having length, width, and thickness of 3.65 m x 1.22 m x 0.23 m, respectively, were constructed and 
subjected to a four-point flexural loading. The measured moment-curvature responses for all six panels were 
compared to theoretical non-composite and fully-composite moment-curvature relationships. Test results revealed 
that PCSP with ZSPC can achieve 60% to 100% of the theoretical out-of-plane flexural stiffness of a fully-
composite panel. Increasing the shear strength of ZSPC improved the out-of-plane bending moment of PCSP 
corresponding to the design maximum deflection limit. Adding end-beams to PCSP with even small-size ZSPC 
improved the out-of-plane bending moment of the panel corresponding to the design deflection limit compared to 
that of the theoretical fully-composite panel.  
 
Keywords: Precast Concrete Sandwich Panels, Out-of-plane flexural behaviour, Composite action, Steel plate 
connectors, End-beams, Moment-curvature. 
1. INTRODUCTION 
Precast Concrete Sandwich Panels (PCSP) are a cladding system consisting of two concrete layers that sandwich an 
insulation layer (Figure 1). The concrete layers in PCSP are tied together by interlayer mechanical connectors. The 
Canadian and American structural design documents stipulate that the interaction between the concrete layers should 
be considered in structural design of PCSP (ACI 318 2014, ACI 533 2011, PCI 2010, CSA A23.3 2004). 
 
The out-of-plane flexural behaviour of PCSP can be described as fully-composite, partially-composite, or non-
composite (PCI, 2010). For a fully composite panel, there is full strain compatibility across the entire depth of the 
panel, i.e. plane sections remain plane across the entire panel depth. For a non-composite panel there is no 
compatibility of strains between the two concrete layers, i.e. each layer independently resists the out-of-plane loads. 
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A strain distribution that falls between these two extreme cases is called partially-composite behaviour (PCI 2010). 
As the degree of composite action in PCSP is increased, their out-of-plane strength and stiffness is improved.  
 
 
Figure 1: Schematic of PCSP with Z-shape connectors 
 
The degree of composite action of PCSP significantly depends on the shear strength and stiffness of the interlayer 
mechanical connectors (Naito et al. 2012). The interlayer mechanical connectors that mobilize partially-composite 
or fully-composite behaviour are called shear connectors (PCI 2010). These connectors require sufficient strength 
and stiffness to resist tensile forces during construction and handling, and to resist interlayer shear forces induced by 
out-of-plane flexure of the panels (PCI 2010).  
 
The most common types of shear connectors include solid concrete zones, truss connectors and grid connectors 
(Goudarzi et al. 2014, Naito et al. 2012). Solid concrete zones are concrete regions across the panel that penetrate 
into the insulation to connect the concrete layers. These connectors have been shown to mobilize high degree of 
composite action in PCSP (Lee & Pessiki 2008, Pessiki & Mlynarczyk 2003), but create thermal bridging between 
the concrete layers that reduces the insulative efficiency of the panel (Naito et al. 2012). The most common 
locations for solid concrete zones are at the top and bottom of the panel, called end-beams, to protect the panel from 
moisture ingress. Since interlayer shear forces are the largest at the ends of PCSP (Salmon et al. 1997), end-beams 
are expected to mobilize high degree of composite action in PCSP. However, out-of-plane flexural tests by 
Carbonari et al. (2012) on PCSP with lightweight concrete showed that end-beams have negligible effect on the 
degree of composite action in sandwich panels. Therefore, further research into the effect of end-beams on the out-
of-plane behaviour of PCSP is needed.  
 
Truss connectors include steel or Fiber Reinforced Polymer (FRP) trusses where the chords are embedded in the 
concrete layers and the web members provide the shear strength and stiffness of the connector. The compressive 
web members of truss connectors are susceptible to buckling due to their high length/diameter ratios (Salmon et al. 
1997, Bush & Stine 1994). After buckling of compressive web members, the interlayer forces are redistributed 
among the tension web members. In steel trusses, tension web members are ductile under tensile forces; thus steel 
truss shear connectors have ductile shear behaviour. Conversely, FRP truss web members are brittle; thus tensile 
web members rupture with increased tensile forces. Therefore, FRP truss shear connectors have brittle shear 
behaviour (Salmon et al. 1997).  
 
Grid connectors are mostly made of FRP grids, where the chords are embedded in concrete layers. The orthogonal 
members of the grid carry the interlayer shear forces of PCSP with tension and compression. Similar to truss 
connectors, the compression members of FRP grid connectors are prone to buckling and the tensile members are 
prone to rupture (Soriano and Rizkalla, 2013). Both truss and grid connectors can mobilize high degree of composite 
action in PCSP (Frankl et al. 2011). However, the shear strength and stiffness of truss and grid connectors are 
affected by the buckling of the compression members. Thus, the ultimate strength of the material in these connectors 
is not fully utilized.  
 
A new PCSP system using Z-shape Steel Plate Connectors (ZSPC) has been tested at the University of Alberta. 
Push-off shear tests have demonstrated that ZSPC reach their theoretical fully plastic shear strengths (Goudarzi et al. 
2016) and thus are more structurally efficient than truss and grid connectors. A preliminary study by Goudarzi et al. 
(2014) showed that a concrete sandwich panel with ZSPC can reach the out-of-plane strength of a similar fully-
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composite panel. Further research is needed, however, to optimize the structural design of ZSPC to achieve fully-
composite panel and to determine the out-of-plane stiffness of PCSP. This paper presents the results of out-of-plane 
4-point flexural tests on six PCSP having ZSPC with different shear strengths. Two of the tested panels were 
enclosed by end-beams. The effect of ZSPC and end-beams on the out-of-plane behaviour of PCSP is discussed in 
this paper. 
2. EXPERIMENTAL PROGRAM 
To assess the effect of ZSPC and end-beams on the out-of-plane behaviour of PCSP, six 1,118 mm x 3,556 mm 
(width x length) insulated panels were tested under out-of-plane 4-point loading. Two of the panels were enclosed 
by reinforced concrete end-beams. Figure 2 shows the details of the tested PCSP with and without end-beams and 
Figure 3 shows one of the test panels during construction. The typical thickness of concrete layers varies from 
51 mm to 102 mm. In this study, the thickness of the concrete layers was taken as 76 mm. Also, the typical thickness 
of insulation varies from 25 mm to 101 mm (PCI, 2011). In this study, the insulation thickness was taken as 76 mm 
(Figure 2). The insulation in this study consisted of 51 mm extruded Polystyrene and 25 mm grooved board; this 
grooved board is to drain out the rainwater from the panel. 
 
To study the effect of the shear behaviour of the connectors on the out-of-plane behaviour of the panels, the panels 
were designed such that yielding of the connectors initiates the failure of the panels. Thus in the design of the 
panels, the theoretical maximum interlayer shear forces, which is equal to the yield forces of the tensile 
reinforcement, were larger than the plastic shear strength of the ZSPC located from mid-span to one end of the 
panel. As shown in Figure 2, the longitudinal reinforcement of the panels included seven grade 400, 10M bars and 
the transverse reinforcement was grade 400, 10M bars spaced at 600 mm. Three tensile tests on the reinforcing bars 
in accordance with ASTM A370-15 showed that the average yield strength, ultimate strength, and modulus of 
elasticity of the bars were 423 MPa, 588 MPa and 194 GPa, respectively.  
 
 
Figure 2: Construction details of PCSP 
 
The panels with end-beams were enclosed at the ends by 150 mm wide beams. These beams were reinforced by one 
10M bar at each corner and U-shape 10M bars along the length of the beam. Two rows of ZSPC were installed; each 
row had six ZSPC at 600 mm spacing. To maximize the pull-out resistance of the connector, the connector’s flanges 
were hooked to the longitudinal bars as shown in Figure 3. To eliminate the undesirable transfer of interlayer shear 
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forces through concrete-insulation bonding, plastic sheets were laid between the insulation and the concrete. 
Moreover, to ensure the shear forces were not transferred through the legs of the lifting inserts, the lifting inserts 
were only embedded in one of the concrete layers, i.e. they did not penetrate through the insulation. 
 
 
Figure 3: Construction of PCSP specimens 
 
Four types of ZSPC with different widths, thicknesses and steel grades were used in the construction of these panels. 
The geometric and material properties of these four ZSPC types are given in Table 1. In this table, each ZSPC type 
is denoted by Zα-#, where α is the width of the connector in inches and # is the gauge of the steel sheet used to 
manufacture the ZSPC. The experimental shear strength, Vz, and shear stiffness, Kz, of each ZSPC type were 
previously determined by push-off shear tests (Goudarzi et al. 2016). The yield and ultimate strengths, fy and fu, of 
the ZSPC were determined by tension testing of steel coupons as per CAN/CSA G30.19-09.  
Table 1: Properties of the Z-shape connectors used in the tested PCSP 
Connector 
designation 
Gauge # Thickness (mm) 
Width 
(mm) 
fy (MPa) fu (MPa) E (GPa) Vz (kN) Kz (kN/mm) 
Z3-16 16 1.47 76.2 350 470 187 14.2 13.4 
Z4-16 16 1.47 102 195 320 201 14.5 28.6 
Z6-16 16 1.47 152 195 320 201 22.0 44.3 
Z4-10 10 3.22 102 308 430 193 36.6 42.5 
 
 
Table 2 shows the matrix for the out-of-plane 4-point flexural tests on six non-prestressed full-size sandwich panels. 
As shown in this table, four panels were constructed without end-beams and two panels with end-beams. The panels 
without end-beams are called the P-series and are denoted by Pα-# and the panels with end-beams are called the PB-
series and are denoted by PBα-#. In these designation formats, α and # again indicate the width and the gauge of the 
ZSPC steel sheet, respectively. The P-series panels were tested to study the effect of ZSPC on the out-of-plane 
behaviour of the panels, and the PB-series panels were tested to study the effect of end-beams on the out-of-plane 
behaviour of the panels. 
 
The typical compressive strength of concrete in PCSP is above 30.0 MPa. In these tests, after casting the concrete of 
the bottom concrete layer, its 14-day compressive strength was determined, by which its 28-day compressive 
strength was speculated to be less than 30.0 MPa. Therefore, for the top concrete layer, the water/cement ratio of 
concrete was modified to get concrete with 28-day compressive strength of at least 30.0 MPa. For each concrete 
layer of the panels, the compressive and tensile strengths of concrete at 28 days of age and on testing day were 
measured as per CAN/CSA A23.1-14/A23.2-14. The 28-day compressive strength of the bottom and top concrete 
layers were 26.2 MPa and 35.5 MPa, respectively. The compressive strengths of the concrete layers on testing day 
of every panel are given in Table 2. The 28-day tensile strength of concrete for the bottom and top concrete layers 
were 2.78 MPa and 3.53 MPa, respectively.  
 
 
Z-shape 
connector 
76 mm insulation= 
25 mm grooved board + 51 mm 
extruded polystyrene 
Lifting insert 
10M reinforcing bars 
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Table 2: Test matrix for out-of-plane flexural tests on PCSP 
PCSP 
Designation 
Z-shape 
connector 
fc (MPa) of concrete layers 
End beams 
Bottom layer Top layer 
P3-16 Z3-16 27.9 37.2 
Absent 
P4-16 Z4-16 29.3 40.3 
P6-16 Z6-16 28.5 36.6 
P4-10 Z4-10 27.1 40.2 
PB3-16 Z3-16 27.3 36.4 
Present 
PB6-16 Z6-16 31.0 40.5 
 
 
 
Figure 4: Schematic of the test setup and instrumentation of the tested PCSP  
 
The panels were placed horizontally on two support beams as shown in Figure 4. Each support beam was sitting on 
one rocker and roller support at each end. The clear span of the panels was 3,175 mm. As shown in Figure 4, the 
loading was applied to the panel using a 520 kN hydraulic jack and two distributor beams 1,219 mm apart. A 
transfer beam was used to transfer the jack’s force to the distributor beams. The connection between the transfer 
beam and the distributor beams was knife-edge and roller supports to allow rotation and horizontal movement of the 
two loading points. A photograph of the test setup is shown in Figure 5. 
 
As shown in Figure 4, four clinometers were installed at 203 mm away from the mid-span of the panels. The 
readings of these clinometers were used to derive the experimental curvature of the panels throughout loading. Two 
Linear Variable Displacement Transducers (LVDTs) were installed at each end of the panel to record the relative 
slippage between the concrete layers due to shear deformation of the Z-shape connectors. As shown in Figure 4, the 
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mid-span deflection of the panels was recorded using two cable extension transducers. The horizontal displacements 
of the roller supports and rollers of the loading points were recorded using cable extension transducers. These 
horizontal displacements change the shear span of the panels throughout loading, and thus change their mid-span 
bending moment. The true mid-span bending moment throughout loading were calculated by static equilibrium of 
external forces and the true shear span of the panels. Also strain gauges were installed on the longitudinal bars of the 
concrete panels to record the tensile strains of the bars during loading. Diagonal strain gauges were also installed 
along the compression diagonal of the connectors. 
 
 
Figure 5: Test setup of out-of-plane test on PCSP 
3. RESULTS AND DISCUSSION 
During the flexural tests of the P-series panels the first flexural cracks appeared in the mid-span of the bottom 
concrete layer. With increased loading, flexural cracks occurred at the underside of the mid-span of the top concrete 
layer. In the PB-series panels, as demonstrated in Figure 6, flexural cracks first appeared at the ends of the bottom 
concrete layer (cracks labelled as 1 in Figure 6), then at the mid-span of the bottom concrete layer (cracks labelled as 
2 in Figure 6). With increased loading, similar flexural cracks occurred at the ends and mid-span of the top concrete 
layer (cracks labelled as 3 and 4 in Figure 6, respectively). For all panels, as the loading was increased, the flexural 
cracks spread throughout the panels and opened wider while the panel was deflecting. Loading was continued until 
it had to be stopped due to safety issues caused by excessive displacement of the support rollers. During testing no 
crushing of the concrete layers and no shear cracking were observed.  
 
 
Figure 6: Cracking pattern of tested PCSP with end-beams 
 
The mid-span bending moment, M, against curvature, ϕ, relationships for all tested panels are shown in Figure 7. In 
these relationships the initial loads including the weight of the panel, transfer beam, distributor beams, knife edge 
and rollers are considered. In this figure, the theoretical composite and non-composite behaviour of the panels are 
shown for comparison. The fully-composite and non-composite M-ϕ graphs were calculated assuming parabolic 
compressive behaviour for concrete as proposed by Hognestad (1951). The bars were modeled as elasto-plastic 
material with strain-hardening modulus of 3,727 MPa and strain-hardening strain of 3,737 micro-strain, derived 
from the tensile tests of the bars. 
 
Transfer beam 
Knife-edge 
Conical block 
Roller box 
Jack 
Distributor beam 
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As shown in Figure 7, throughout loading, the tested panels have nonlinear M-ϕ relationships and they carry larger 
bending moment than non-composite panel. The out-of-plane stiffness of P4-10, PB3-16 and PB6-16 consistently 
decreases with increased loading. But the out-of-plane stiffness of P3-16, P4-16 and P6-16 panels decreases to a 
small value at about 15 mili-radians/m forming a plateau. After this plateau, the stiffness of these three panels 
started increasing again at about 20 mili-radians/m, but remains lower than the initial stiffness. These three panels 
continued to resist load without any further changes in stiffness up to a point where the test had to be stopped due to 
excessive horizontal displacements of the rollers under the support beams. The descending portion of the M-ϕ 
graphs in Figure 7 relates to the unloading of the panels. The M-ϕ graphs of P4-10, PB3-16 and PB6-16 do not have 
distinct plateau; instead they nonlinearly progressed up to the maximum bending moment resistance after which the 
panels were unloaded due to excessive displacement of the support rollers. 
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Figure 7: Mid-span bending moment against mid-span curvature for the tested PCSP 
 
Figure 8 shows the post-testing deformed shape of the connectors. The connectors at the ends of the panels 
underwent significant buckling forming tension ties similar to the tension field action in plate girders. Similar 
formation of tension field was also observed in the push-off shear tests of ZSPC (Goudarzi et al. 2016). After 
buckling, the compression is carried by the insulation. The plateau regions for panels P3-16, P4-16 and P6-16 can be 
attributed to the shear failure of ZSPC; i.e. when the connector had reached its shear strength. This shear strength 
was shown to exceed the theoretical plastic shear strength of ZSPC (Goudarzi et al. 2016). After shear failure of the 
ZSPC, the observed tension field mechanism provided residual shear strength for the connectors, which may be the 
reason for the second ascending portion of the M-ϕ graphs.  
 
Figure 7 shows that the mid-span out-of-plane bending moment carried by the panels at every curvature varies 
substantially depending on the ZSPC type and the presence of end-beams. Since the ultimate moment resistance for 
P3-16, P4-16 and P6-16 could not be reached due to excessive displacement of the support rollers, the ultimate 
moment resistance of these panels could not be compared. Instead, the mid-span out-of-plane bending moment of 
the tested panels at the curvature that corresponds to the design maximum deflection limit is compared with each 
other. According to CAN/CSA A23.3-04, the out-of-plane horizontal deflection limit of the mid-height of PCSP is 
1/100 of the panel height, which corresponds to a curvature of 20 mili-radians/m for the tested panels. The out-of-
plane mid-span bending moment of the panels at 20 mili-radians/m of curvature, Mϕ20, for all tested panels is 
summarized in Table 3. This table also compares Mϕ20 of the tested panels to the theoretical bending moment of a 
fully-composite and non-composite panel at 20 mili-radians/m curvature, Mc,20 and Mnc,20, respectively. As shown in 
this table, Mϕ20/Mc,20 for the P-series panels grows from 0.35 to 0.80 with increased width and thickness of ZSPC. 
This table also shows that Mϕ20 for PB3-16 and P3-16 with the same size of ZSPC are 0.66 and 0.35, respectively. 
This means adding end-beams to P3-16 improved its out-of-plane bending moment at 20 mili-radians/m curvature 
by 88%. Similar comparison between P6-16 and PB6-16 shows that adding end-beams to P6-16 improved its Mϕ20 
by 57%. This signifies the effect of end-beams in increasing the out-of-plane bending moment of PCSP 
corresponding to the design maximum deflection limit. Table 3 also shows that Mϕ20 for PB6-16 is 21% larger than 
Mϕ20 of PB3-16, and  Mϕ20 for P6-16 is 45% larger than Mϕ20 of P3-16; this shows that using ZSPC with increased 
Vz still improves Mϕ20 of PCSP but to a lesser extent than when end-beams are added to the panel.  
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Figure 8: Tested P3-16 and deformed ZSPC showing the formation of tension field 
 
In the tested P-series panels the interlayer shear forces between the mid-span and the end of the panel were carried 
by six ZSPC, while in PB-series panels the interlayer shear forces in the same region were carried by six ZSPC plus 
the end-beams. Figure 9 shows Mϕ20 vs. the total shear strength of ZSPC between the mid-span and the end of the 
panel, Vz,t, for P- and PB-series. As shown in Figure 9, for the panels in P-series, there is a linear correlation 
between the Mϕ20 of the panel and the total shear strength of ZSPC, i.e. as the total shear strength of ZSPC is 
increased the Mϕ20 of the panel is improved. If Vz,t is zero, Mφ20 is expected to be equal to Mnc,20, which is 6.0 kN.m. 
If Vz,t is non-zero, the tensile and compressive forces in the bottom and top concrete layers at the mid-span is equal 
to Vz,t to maintain static equilibrium of each concrete layer in the horizontal direction. These tensile and compressive 
forces in the concrete layers make a couple moment, which adds to Mnc,20. Therefore, Mφ20 can be estimated as: 
 
[1]   Mφ20 = Vz,thc +Mnc ,20 
 
 
where hc is the distance between the centroids of the concrete layers, equal to 152 mm in these tests, and Mnc,20 is 
6.0 kN.m as shown in Figure 7. Figure 9 compares the estimated Mφ20 using Equation 1 against the experimental 
results. The root-mean-square error of Equation 1 is 1.79 kN.m 
Table 3: Results of out-of-plane 4-point flexural tests on PCSP 
Panel Designation 
Mφ20 
(kN.m) 
Mφ20/Mc,20 Mφ20/Mnc,20 
Kp 
(kN.m2/radians) 
β Kp/Knc 
P3-16 19.3 0.35 3.22 5 220 0.83 15.9 
P4-16 19.3 0.35 3.22 3 880 0.60 11.8 
P6-16 28.1 0.51 4.68 6 180 0.99 18.9 
P4-10 36.4 0.67 6.07 6 470 1.04 19.7 
PB3-16 36.2 0.66 6.03 6 430 1.03 19.6 
PB6-16 43.9 0.80 7.31 4 330 0.68 13.2 
 
 
Figure 9: Mϕ20 of PCSP against the total shear strength of ZSPC  
 
To study the effect of ZSPC and end-beams on the out-of-plane flexural stiffness of the panels, the secant stiffness 
of the panels between 0.1 Mϕ20 and 0.4 Mϕ20 for the tested PCSP was calculated and was compared against the 
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secant stiffness of the theoretical fully-composite and non-composite panels, Kc and Knc, respectively. This chosen 
range ensured that the gaps between the panels and the supports were closed and that the out-of-plane flexural 
behaviour of the panels was still in the elastic range. Table 3 summarizes the secant stiffness, Kp, of the tested panels 
and compares them with the theoretical stiffness of a fully-composite and non-composite panels. This table also 
gives Kp/Knc for each panel, where Knc is the flexural stiffness of the theoretical non-composite panels. As shown in 
this table, Kp/Knc for the tested panels varies between 11.8 to about 19.7. This means a PCSP with ZSPC can be at 
least 11.82 times stiffer than the theoretical non-composite panel.  
 
As shown in Table 3, for P3-16, P6-16 and P4-10, an increase in the width and thickness of the shear connectors 
improved the out-of-plane secant stiffness of the panels. However, the stiffness of P4-16 with 102 mm wide ZSPC is 
smaller than the stiffness of P3-16 with 76.2 mm wide ZSPC. Therefore, these results are inconclusive on the effect 
of width of ZSPC on the out-of-plane stiffness of PCSP. Also, comparing PB3-16 and P3-16 shows that the presence 
of end-beams improves the out-of-plane stiffness of the panel. However, PB6-16 with end-beams has a smaller out-
of-plane stiffness than P6-16 without end-beams. Therefore, again these results are inconclusive on the effect of 
presence of end-beams on the out-of-plane stiffness of PCSP with ZSPC. Hence, more investigation is needed to 
understand the relationship between the width of ZSPC and presence of end-beams on the out-of-plane stiffness of 
PCSP.  
 
The degree of composite action based on flexural secant stiffness of the panels, β, was calculated using Equation 1, 
which is similar to the equation proposed by Culp (1994) for PCSP under out-of-plane service loads.  
 
[1]   βk =
Kp − Knc
Kc − Knc
 
 
In Equation 1, Kp is the secant flexural stiffness of panel, Kc and Knc are the secant flexural stiffness of the 
theoretical fully-composite and non-composite panels, respectively.  
 
The degrees of composite action, β, for all the tested panels are given in Table 3. As shown in this table, β varies 
from 0.60 to 1.04. This means PCSP with ZSPC can reach full degree of composite action. Moreover, the minimum 
degree of composite action achieved in the tested PCSP is 0.6, which corresponds to Kp/Knc of 11.8; i.e. the tested 
panels with ZSPC is at least 11.8 times stiffer than the theoretical non-composite panel. This suggests using ZSPC in 
PCSP significantly improves the out-of-plane flexural stiffness of the panel, and thus leads to more efficient design 
of PCSP.  
4. SUMMARY AND CONCLUSION 
In this study six PCSP were tested under out-of-plane 4-point loading to investigate the effect of ZSPC on the out-
of-plane behaviour of PCSP. Two of the tested panels were enclosed with reinforced concrete beams to study the 
contribution of these end-beams on the out-of-plane behaviour of PCSP.  
 
It was found that PCSP with ZSPC can attain the out-of-plane resistance of a theoretical fully-composite panel. For 
this to be achieved, the minimum interlayer shear strength of the panel between the locations of maximum and zero 
bending moments should be equal to the total yield force of the tensile reinforcement. This minimum interlayer 
shear strength can be achieved by designing the number, thickness and width of ZSPC across the panel. The test 
results demonstrated that end-beams considerably improve the out-of-plane bending moment of PCSP 
corresponding to the design out-of-plane deflection limit specified by CAN/CSA A23.3-04. This suggests the shear 
strength of end-beams significantly contributes to the interlayer shear strength of the panels, thereby improves the 
out-of-plane bending moment carried by PCSP. 
 
The degree of out-of-plane composite action for the tested panels was calculated based on the out-of-plane flexural 
stiffness of the panels. It was found that the tested PCSP with ZSPC achieved partial to full degree of composite 
action in the elastic region. The minimum degree of composite action in the tested panels was found to be 0.60, 
which corresponds to a panel 11.8 times stiffer than the theoretical non-composite PCSP. This means that using 
ZSPC in PCSP significantly reduces its out-of-plane deflection compared to a theoretical non-composite panel. This 
effect of ZSPC on the degree of composite action can be used to optimize the structural design of PCSP. The results 
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of this study can be used to develop an analytical model to estimate the degree of composite action for PCSP with 
different dimensions under uniform loading.  
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